Objective To estimate the direct causes of mortality among preterm neonates <33 weeks' gestation by examining three large multicentric, hospital-based datasets in India. Method Three prospective hospital-based datasets: National Neonatal Perinatal Database (NNPD) of India, Delhi Neonatal Infection Study (DeNIS) cohort, and Goat Lung Surfactant Extract (GLSE)-Plus cohort were analyzed to study the causes of death among preterm neonates of less than 33 weeks' gestation admitted to the participating tertiary care hospitals in India. Results A total of 8024 preterm neonates were admitted in the three cohorts with 2691 deaths. Prematurity-related complications and sepsis contributed to 53.5% and 19.8% of deaths in the NNPD cohort, 51.0% and 25.0% in the DeNIS cohort, and 39.7% and 40.9% in GLSE-Plus cohort, respectively. Conclusions Nearly a quarter (20-40%) of preterm neonates less than 33 weeks' gestation admitted to Indian NICUs died of sepsis. The study results have implications for health policies targeted to reduce the neonatal mortality rate in India.
Introduction
Globally, 2.5 million neonates die each year. A vast majority of these deaths occur in low-and middle-income countries (LMICs) [1] . According to recent global estimate of causes of neonatal deaths, prematurity-related complications (35%), intrapartum-related events (birth asphyxia; 23%), and sepsis (27%) accounted for most neonatal deaths [2] , 80% of which are preventable with simple interventions [3] . Understanding the cause and timing of neonatal deaths is important to inform public health policies targeted to reduce the neonatal mortality rate (NMR).
The causes of neonatal death vary among countries depending on NMR. In high-income countries (HICs), with lower NMR and high-quality vital registration data, preterm birth and congenital malformations are the most common causes of early (0-6 days) as well as late (7-28 days) neonatal deaths. LMICs with high NMR have incomplete and poor quality vital registration data. These countries often depend on verbal autopsy (VA)-based multicause models to derive causes of neonatal death. According to global [2, 4] and national statistics [5] for causes of death based on VA models, India's biggest goal to reduce neonatal mortality is reduction in prematurity-related deaths. However, cause of death analysis using VA tools and indirect model based assumptions are fraught with a wide range of uncertainty [6] .
In VA models, prematurity-related deaths are defined as deaths resulting from complications of preterm birth, such as surfactant deficiency, intraventricular hemorrhage, necrotizing enterocolitis (NEC), etc. It also includes deaths occurring in neonates <34 weeks of gestation, a level of prematurity below which most preterm birth complications occur, as well as deaths occurring in neonates with birth weight <2000 g for whom gestational age is unknown [4] . This definition might result in the inclusion of term and late preterm neonates who are small-forgestational age (SGA) as well as preterm neonates with other direct causes of death under the umbrella of prematurity-related deaths. The result is an erroneous inflation of prematurity-related deaths and an underestimation of deaths due to other causes, especially sepsisrelated deaths, with important public health implications for resource-limited settings.
South Asian and sub-Saharan African countries contribute to more than 60% of the world's prematurity burden [6] . The Million Death Study (MDS) [5] recently reported that in India, neonatal deaths from prematurity shows an increasing trend over the last 16 years (2000-2015) , whereas deaths due to sepsis and birth asphyxia are decreasing. We speculate that in LMICs, a significant proportion of preterm neonates die of sepsis, contrary to VA-based global estimates that the majority of deaths among preterm neonates is due to prematurity-related complications.
In this paper, we specifically sought to estimate the direct causes of mortality among preterm neonates <33 weeks' gestation by examining three large multisite, hospital-based datasets in India. We believe that information on causespecific mortality in preterm neonates will assist in defining appropriate interventions.
Methods

Study design
We analyzed three prospective hospital-based datasets: National Neonatal Perinatal Database (NNPD) of India (2002) (2003) [7] , Delhi Neonatal Infection Study (DeNIS) cohort [8] (2011-2014) , and Goat Lung Surfactant Extract (GLSE)-Plus cohort (2016-2017) to study the causes of death among preterm neonates of less than 33 weeks' gestation admitted to various tertiary care hospitals in India. These datasets were chosen because they involved prospective data collection in a large cohort of inborn neonates, used standardized case definitions, and also provided reliable estimates of underlying cause of death.
National Neonatal Perinatal Database (NNPD; 2002-03)
National Neonatal Perinatal database [7] is a large network of 18 tertiary care hospitals across India with level-2 or level-3 neonatal care facilities (names of the sites provided in the Appendix). This network collected data on morbidity and mortality of inborn (born within the center) neonates admitted to participating sites using standardized definitions for data collection and uniform analysis protocol ( (Table 2) . Term and preterm neonates constituted 84.5 and 14.5% of the cohort, respectively. About half (52.9%) of all live births were males. One third (31.3%) were low birth weight (LBW) and 9.6% were SGA infants. In this cohort, 3680 (2.5%) neonates died in hospital. The NMR of the cohort was 25.3 per 1000 live births. The common causes of neonatal death were perinatal asphyxia (28.8%), prematurity-related complications (26.3%), sepsis (18.6%) and congenital malformations (9.2%). For the purpose of this study, we analyzed the single most important cause of death among 1349 (33.8%) inhospital deaths from a cohort of 3993 preterm neonates (<33 weeks' gestation).
DeNIS cohort
Delhi Neonatal Infection Study [8] was a prospective cohort study that examined the incidence, microbiological profile, and antimicrobial resistance (AMR) patterns among cases of neonatal sepsis in three inborn level-3 neonatal units in New Delhi, India, between July 2011 and February 2014 (names of the sites provided in the Appendix). The study was approved by the institutional ethics committees (IEC) of all participating centers. These NICUs had a policy of admitting all neonates <34 weeks or below 1800 g birth weight as well as any sick neonate who required NICU care. Out of 88,636 live births, 14,779 (16.7%) neonates required NICU admission and 13,530 were enrolled in the study ( Table 2 ). The mean (SD) birth weight and gestation of enrolled neonates were 2211 (741) g and 36.0 (3.4) weeks, respectively; approximately two-thirds of neonates were LBW and nearly half were preterm. In the DeNIS cohort, a total of 1822 neonates (13.5%) were born at a gestation age of <33 weeks and weighed <1800 g at birth. Among them 828 (45.4%) died before discharge and were included for the analysis of causes of death.
GLSE-Plus cohort
The GLSE study was a randomized controlled trial that compared the safety and efficacy of indigenously manufactured GLSE (Cadisurf ® , Cadila Pharmaceuticals, India) with bovine surfactant (Survanta ® AbbVie, USA) in preterm neonates between 26-32 weeks' gestation [9] . Five tertiary care NICUs in academic institutions of the country, that catered exclusively to inborn neonates participated in the study from June 2016 to January 2018 (names of the sites provided in the Appendix). The study was approved by the IECs of all participating centers. The five participating study centers pooled the data on the mortality rate and causes of death among all neonates between 26-32 weeks' gestation admitted in the respective hospitals during the study duration and this constituted GLSE-Plus dataset (Table 2) . Among 2209 preterm neonates born at 26-32 weeks' gestation in the above centers (inclusive of all neonates who were subsequently enrolled in GLSE study), 514 (23.2%) died in hospital and contributed to the analysis of causes of death.
Assignment of causes of death
For this analysis, we included preterm neonates <33 weeks' gestation and <1800 g in NNPD and DeNIS datasets and those between 26-32 weeks' gestation from GLSE-Plus dataset, who died during their birth hospitalization. No exclusion criteria was exercised. Cause of death was medically certified by treating physician (NNPD) or study investigator (DeNIS and GLSE-Plus) using the international medical certificate of cause of death in the format recommended by World Health Organization [10] . The death certificate consists of two parts: Part-1a, states the disease condition directly leading to the cause of death, Part-1b, the antecedent or underlying cause of death (the disease or condition initiating the chain of events leading to death) and Part-2, other significant conditions contributing to death but not related to the disease or condition causing death. The disease or condition filled in Part-1b of the death certificate was assigned as the single most important cause of death. All datasets classified the underlying cause of death into one of these categories: prematurity-related complications, birth asphyxia or trauma, congenital disorders, sepsis (including pneumonia and meningitis), and used uniform definitions for mortality as put forth by the NNPD collaboration (Table 1) . Death was considered to be due to prematurity or its complications if the underlying cause of death was extremely preterm gestation (<28 weeks), respiratory distress syndrome (RDS), bronchopulmonary dysplasia, NEC, patent ductus arteriosus, or severe grades (grade III or IV) of periventricular-intraventricular hemorrhage. Where cause of death was attributed to other conditions like sepsis, asphyxia, or congenital malformations in a preterm neonate, these conditions and not prematurity were considered as the underlying cause. If death could be attributed to two or more problems, the most significant problem as determined by the treating physician was considered. Perinatal asphyxia "Death of a neonate in the setting of and with features of perinatal hypoxia and/or birth asphyxia followed by manifestations of or hypoxic ischemic injury of brain (hypoxic ischemic encephalopathy) or other organs."
Complications related to prematurity Infants dying of prematurity-related complication such as extremely low gestation, respiratory distress syndrome (RDS), patent ductus arteriosus, bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), or severe grades (grade III or IV) of intraventricular hemorrhage (IVH).
Neonatal sepsis Death attributable to pneumonia, sepsis, or meningitis (culture positive as well as culture negative).
Congenital malformations Death due to lethal congenital malformation.
Others
Cause not classified by above or not established. 
Statistical analysis
Cause-specific mortality proportion was calculated using number of deaths until discharge attributed to a specific cause. We calculated pooled estimates and their 95% confidence intervals of each cause of death by taking weighted average of the proportions in the individual cohorts.
Results
A total of 8024 preterm neonates <33 weeks' gestation were identified from all the three datasets corresponding to different time periods. Of these 2691 neonates who died in hospital contributed to the analysis of cause of death data (Table 3) .
NNPD cohort
Deaths due to preterm birth complications were 53.5% (722/1349) of all deaths, followed by sepsis, accounting for 19.8% (267/1349) ( Table 3 ; Fig. 1 ). Perinatal asphyxia and malformations accounted for 12.3 and 4.2% respectively.
DeNIS cohort
Preterm birth complications were the cause of about half (423/828; 51%) of all deaths. Sepsis was the second most common cause, accounting for a quarter of the deaths (207/ 828; 25%). Perinatal asphyxia and malformations accounted for 9 and 3% of deaths respectively in these neonates (Table 3 ; Fig. 1 ).
GLSE-Plus cohort
Sepsis was the commonest cause of death, implicated in 41% (210/514) of deaths. Prematurity-related complications followed closely, accounting for 39.7% of all deaths (204/ 514). Perinatal asphyxia and malformations were responsible for 12.5 and 4.5% of deaths respectively in these neonates (Table 3 , Fig. 1 ).
Discussion
In this study, analyses of three prospective large datasets showed that among preterm neonates of less than 33 weeks' gestation, sepsis is an important direct cause of death, contributing to 20-40% of mortality. While VA-based estimations would have classified all deaths in this population (<33 weeks' gestation) to be directly related to prematurityrelated complications, hospital-based medical certification attributed the same in only 40-50% of cases. This difference in cause-specific mortality proportion (due to prematurityrelated deaths) is important, considering that this information is used to guide public health policy and for targeted allocation of resources. The cause-specific mortality proportion attributed to sepsis varied from 19.8% (NNPD cohort) to 41% (GLSE-Plus cohort). This variation may be explained by differences in patient characteristics, hospital characteristics, and differences in time periods of study. Preventing sepsisrelated neonatal deaths in LMICs is important, because twothirds of all sepsis episodes are due to gram-negative bacterial pathogens, which exhibit a high degree of AMR and are associated with higher case fatality rates [8] .
According to the recent MDS report, prematurity is the most important cause of neonatal deaths, accounting for 40% of NMR in India [5] . This study captured 52,252 neonatal deaths over a period of 16 years (from 2000 to 2015) in India and assigned cause-specific mortality based on national sample death registration with VA data. The study also noted an increasing trend in neonatal deaths from prematurity over a 16 year period from 2000 to 2015, while sepsis and intrapartum-related deaths declined. The study highlights that India's biggest challenge is to tackle prematurity-related deaths in order to progress toward the SDG goal of reducing NMR to 12 per 1000 live births by 2030. However, our analyses inform that about a third of preterm infants die not because of prematurity-related complications but as a result of sepsis.
A death certificate provided by a treating physician is considered the standard for cause of death assignment. In regions where vital registration systems are incomplete or when deaths occur in out-of-hospital settings, VA is the only available tool to ascertain the cause of death. Studies from LMIC settings with high neonatal mortality burdens have shown that VA tools provide a reasonable level of diagnostic accuracy for major causes of neonatal deaths, comparable to medical certification [11, 12] . However, there are potential issues with the case definitions used in VA tools. Deaths are attributed to prematurity by field workers in the community if the neonate was estimated to have a gestational age <33 weeks' (generally based on last menstrual period date method) or if the neonate was LBW (when gestational age at birth is not known) or just based on a subjective description of "baby very small or smaller than usual" [2, 5] . This misclassification though seemingly unavoidable leads to inflation of prematurity-related deaths and underestimates the incidence of other causes. A study done in rural India based on VA tools estimated that there was a significant overlap among the different causes of death. For example, among 179 neonatal deaths attributed to prematurity, almost a half (95/179) had an overlap with sepsis [13] .
There are studies from HICs looking at the cause-specific mortality distribution in preterm population [14] [15] [16] [17] [18] . Schindler et al. [14] analyzed the common causes of hospital mortality among preterm neonates <32 weeks' gestation admitted to Australian NICUs. Among 345 deaths in this population, the most common cause was attributed to prematurity-related complications (includes respiratory conditions, chronic lung disease, IVH, and NEC; 70%), followed by sepsis (16%) and perinatal asphyxia (7.2%). In a German very LBW cohort, 17% (37/221) of in-hospital deaths were attributed to sepsis [18] . A study from various centers affiliated to the National Institute of Child Health and Human Development in the United States [19] examined cause-specific in-hospital mortality among extremely LBW (ELBW) neonates from 2000 to 2011. This study noted that immaturity (gestational age <24 weeks), RDS, and infection were the three common causes of death among ELBW neonates. These studies lend support to our assessment that the primary cause of death needs to be examined in preterm population in LMIC settings too.
Determination of cause of death is essential as they provide programmatic information, since preventive strategies differ based on cause. For preterm birth related complications, the focus is on antenatal corticosteroids and provision of quality NICU care including oxygen, continuous positive air pressure and surfactant. Whereas, to combat sepsis the focus is on asepsis [20, 21] , chlorhexidine cord care (in areas with high NMR) [22, 23] , appropriate use of antibiotics, and topical emollient (natural plant oils) treatment for hospitalized infants [24] . Other interventions like exclusive breastfeeding, kangaroo care, thermoregulation, etc., influence both. Our study emphasizes that strategies to reduce NMR in India should continue to follow an integrated approach of strengthening family-community care and facility-based services [25] .
The strengths of the present study are the use of three multicenter prospective cohorts for cause of death analysis. In all the datasets, a standardized definition for classification of deaths was used and death was certified by the treating physician. The three datasets contributed to a large sample, separated by time and place yet yielded almost similar findings. The following limitations of the study are acknowledged. The use of hospital-based data precludes the generalizability of study results to deaths among preterm neonates in the community, who may fail to receive essential neonatal care. However, with increasing coverage of facility births, most deaths are likely to happen in health [26] . The cause-specific mortality proportion may be different in these settings.
In conclusion, our study shows that nearly a quarter (20-40%) of preterm neonates <33 weeks' gestation admitted to Indian NICUs die of sepsis. This finding assumes great significance in light of dangerous level of AMR in LMICs. Salvaging these preterm neonates would require optimum strategies to prevent and treat sepsis. The study findings emphasize the need to allocate proportionate resources to tackle the problem of sepsis in these neonates.
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